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The discovery of double-stranded RNA-mediated gene silencing has 
rapidly led to its use as a method of choice for blocking a gene, and has 
turned it into one of the most discussed topics in cell biology. 
Although still in its infancy, the field of RNA interference has already 
produced a vast array of results, mainly in Caenorhabditis elegans. 
but recently also in mammalian systems. Micro-RNAs are short 
hairpins of RNA capable of blocking translation, which are tran- 
scribed from genomic DN A and are implicated in several aspects from 
development to cell signaling. The present review discusses the main 
methods used for gene silencing in cell culture and animal models, 
including the selection of target sequences, delivery methods and 
strategies for a successful silencing. Expected developments are briefly 
discussed, ranging from reverse genetics to therapeutics. Thus, the 
development of the new paradigm of RNA-mediated gene silencing 
has produced two important advances: knowledge of a basic cellular 
mechanism present in the majority of eukaryotic cells and access to a 
potent and specific new method for gene silencing. 
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Basic mechanism of RNA-mediated 
gene silencing 

RNA silencing has long been recognized 
as part of the immune response against vi- 
ruses in plants ( 1 ), but the RNA interference 
(RNAi) revolution started with the observa- 
tions that sense plus antisense RNA were 
much more effective in silencing a gene in 
Caenorhabditis elegans when compared to 
the traditionally used antisense strand (2). 
This finding/together with the discovery 
that the genes of C. elegans feeding on bac- 
teria expressing double-stranded RNA 
(dsRNA) were silenced in the whole organ- 
ism (3), were pivotal for the explosion that 
we see today in the studies using RNAi (4.5). 
In 2001, nearly half of all papers on RNAi 



had C elegans as a model, whereas today 
this number is about 10%. indicating the fast 
transfer of the paradigm from the nematode 
community to the rest of the biological sci- 
ences. 

When dsRNAs of various lengths are 
produced by the cell or introduced into the 
cell, they are processed by the dsRNA 
endoribonucleasc Dicer into ~2l-nt small- 
interfering RNAs (siRNAs; Table 1). These 
siRNAs in turn associate with an RNAi- 
inducing silencing complex (RISC) and di- 
rect the destruction of mRNA complemen- 
tary to one of the strands of the siRNA. RISC 
cleaves the target mRNA in the middle of the 
complementary region, ten nucleotides up- 
stream of the nucleotide paired with the 5' 
end of the guide siRNA. 



BEST AVAILABLE COPY 



Bra* j Med Biol Res 38(1 2) 2005 



1750 



C. Lena 



Annealing of one strand of the siRNA to 
the target mRNA molecule allows an RNA- 
directed RNA polymerase (RdRP) to use the 
target mRNA as a template and the siRN A as 
a primer in order to produce a new double- 
stranded mRNA, which can be cleaved by 
Dicer, thus contributing to the pool of siRN As 
(6). This positive feedback seems to be fun- 
damental for the high efficiency of the RNAi 
process. 

With the discovery of RNAi, it was rap- 
idly realized that endogenous ''genes' 5 can 
also produce double-stranded hairpins that 
interfere with the function of specific genes. 
These endogenous siRN As. which were 
called micro-RNAs (miRNAs), affect mainly 
translational efficiency rather than itiRNa\ 
stability. Studies on mammalian systems 
confirmed the C. elegans data, indicating 
that this class of RNAs is involved in the 
major biological events from development 
to control of metabolism (7). In an example 
of the surprises that lay ahead, an evolution- 
ary conserved miRNA expressed specifi- 
cally in pancreatic islets did suppress glu- 
cose-induced insulin secretion, potentially 
playing a role in diabetes (8). Additionally, 
viruses seem to employ miRNAs as part of 
their strategy to infect host cells and repli- 
cate, since several miRNAs were identified 
in the genome of the Epstein-Barr virus (9). 
This opens a completely new window into 



the study of the mechanism of viral infec- 
tions and allows the development of new 
treatment strategies. 

RNAi does not work well in all cell types. 
Neurons from C. elegans, for example, arc 
only slightly affected by systemic RNAi. 
This seems to be due, at least in pail, to the 
expression of a dsRNA-specific RNAse, 
called ER1-L and its ablation increased the 
interference process in neurons of C elegans 

( 10) . A deeper understanding of the mechan- 
isms negatively regulating RNAi may con- 
tribute to ways of artificially increasing the 
efficiency of the RNAi process. 

in an indication that the basic rules are 
far from understood, Kawasaki and Taira 

(11) showed that siRN As can reduce the 
transcription of the target gene by directing 
DNA methylation. With this discovery, 
dsRNAs were shown to be involved in the 
main processes that control protein produc- 
tion: RNA synthesis. RNA degradation and 
protein synthesis. 

Successful gene silencing 

Selection of the target sequence 

In mammals, the introduction of dsRNAs 
longer than 30 bp activates antiviral path- 
ways, leading to nonspecific inhibition of 
translation and cytotoxic responses (12). 
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Therefore, the use of long dsRNAs was aban- 
doned. Thus, today, RNAi is elicited almost 
exclusively with 21-nt dsRNAs. requiring 
the selection of a short sequence of the mRN A 
to be targeted. Despite several advances in 
the understanding of the silencing mechan- 
ism, there is no guarantee that a given se- 
quence of 21 nt will work, but several rules, 
mainly based on trial and error rather than on 
mechanistic understanding, help to increase 
the likelihood of success. 

Table 2 contains a list of rules that help 
decide which 21-nt sequence is more likely 
to produce an efficient silencing. Usually, it 
is interesting to start with the search for a 
sequence of 19 nt that is flanked by AA on 
the 5' end and TT of the 3' end of the sense 
strand (rule 1), and with a GC content of 40 
to 60% (rule 2). Targeting of the first and last 
100 nt of the mRNA traditionally has not 
produced a good silencing (rule 3). 

The molecular mechanism which prob- 
ably contributes more to the efficiency of the 
silencing process is an amplification cata- 
lyzed by an RdRP (6). Since RNA polymer- 
ization occurs always by extending the primer 
in the 5' to 3* direction, the more towards the 
3' end of the mRNA the siRNA primer an- 
neals, the longer is the dsRNA produced by 
the RdRP and therefore, theoretically, the 
more efficient the silencing process (rule 4). 
There does not seem to be any difference in 
efficiency between targeting the transcribed 
or the untranscribed region CUTR) of the 
mRNA, and therefore the 3' UTR is a good 
choice for targeting, even more so if rescue 
experiments using the gene ectopically ex- 
pressed in a plasmid are used, in this case, 
the plasmid would not have the 3' UTR and, 
if the rescue works, this would indicate that 
the effect is due to the down-regulation of 
the target gene (rule 5). The other rescue 
experiment that can be conducted is to trans- 
feet a plasmid with silent mutations at the 
sequence targeted by RNAi, right in the 
middle of the sequence. This should not be 
affected by the RNAi and therefore should 



rescue the phenotype. Careful rescue experi- 
ments have indicated that a 21 -bp dsRNA 
does indeed induce cytotoxicity in cell cul- 
ture and that a 19-bp dsRNA does not, but 
still retains the silencing ability (13). 

Which of the two strands of the siRNA is 
loaded into the RISC complex is pivotal for 
the success of the interference, since only 
the antisense one can pair with the mRNA 
and induce its degradation. The higher the 
CG content of the 5' end when compared to 
the 3' end of the sense strand, the higher the 
likelihood of success of the antisense to be 
used (14). Therefore, the ideal sequences 
contain 4 CGs at the 5' end and 4 AUs at the 
3' end of the sense strand (rule 6). Interest- 
ingly, this strand bias was also observed in 
endogenous miRNAs (15). 

RNAi was first regarded as an absolutely 
specific way of down-regulating a gene, but 
gene array studies indicated that the speci- 
ficity depends on the position and the num- 
ber of mismatches. The selected sequence 
should not be identical in the central core of 
1 4- 1 5 nt to any off-target sequence, although, 
again, there is no certainty if a given se- 
quence will only affect the target sequence 
(16). Therefore, a BLAST search against the 
genome of the species in which the siRNA 
will be used is fundamental for a good speci- 
ficity (rule 7). The use of more than one 
possible siRNA sequence is becoming a 



Table 2. Some rules for a successful sequence selection. 
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standard requirement of experiments involv- 
ing RNAi. Additionally, a control with a 
scrambled sequence, or a sequence directed 
at a gene not present in the genome of the 
organism studied, such as green fluorescent 
protein (GFP). is also important. 

Still, RNAi is among the most specific 
methods available for the ablation of genes, 
and, when appropriately used, a single 
nucleotide mismatch can be sufficient for 
discrimination between the target and the 
off-target sequence, as exemplified with the 
oncogene RasV12 and its proto-oncogene 
Ras(17). 

Despite the use of these rules, there is no 
guarantee that a given sequence will work, 
and only careful testing and the use of more 
than one sequence can make the silencing 
process to be more successful and accurate. 

Delivery 

Bacteria in C. elegans. The discovery 
that probably contributed most to the rapid 
success of RNAi technology was the effec- 
tive silencing obtained by feeding C. elegans 
with bacteria containing a plasmid which 
produces siRNA (3). Surprisingly, siRNA 
spreads to all cells of the nematode, except 
some neuronal cells, although strains were 
developed in which the RNAi is more effec- 
tive, also working in neurons (10). 

Double- stranded RNAs. siRNA delivery 
is more complicated in mammals than in 
nematodes and evidence that RNAi would 
also work in mammals started to appear in 
2001 , with the use of 21- and 22-nt siRNAs, 
transfected directly into human cell lines. 
These siRNAs were able to reduce very 
efficiently and specifically the expression of 
several genes in various cell lines (18). Al- 
though very efficient, direct transfection of 
the siRNA is more costly when compared 
with other methods of delivery. Stability has 
being improved considerably, and recently 
direct siRNA delivery into the circulation of 
mice proved to be quite efficient in reducing 



cholesterol. These siRNAs were synthesized 
with. a phosphorothioated backbone and 2- 
O-methyl ribose on the sense and anti-sense 
strands An order to enhance resistance to 
degradation by exo- and endonucleases (19). 

Plasmids. In few instances in the history 
of science were so many discoveries made 
simultaneously as in the RNAi field. This 
applies mainly to methodological advances, 
as was the case for plasmid delivery of short- 
hairpin RNA (shRNA; see Table 3. with at 
least five papers published in April and May 
2002 showing the production of RNAi by 
shRNA generated by a plasmid. 

Two promoters of the RNA polymerase 
III, called U6 and H 1 , have been widely used 
to produce shRNA. These promoters differ 
in size, but contain the same conserved se- 
quences and apparently there is no signifi- 
cant difference in the efficiency of silencing 
induced by these promoters (20). The stop 
codon for RNA polymerase III is a sequence 
of five Ts (21), and therefore, if using 
shRNAs. stretches of more than 4 Ts should 
be avoided (rule 8: Figure 1). 

Viruses and knockdowns. The descrip- 
tion of shRNA produced by plasmids was 
followed rapidly by many papers describing 
shRNA-producing viral vectors (see Table 
3). Several of these papers also described 
stable insertion of the RNAi into the genome 
and maintenance during development, thus 
creating animals with constitutively ex- 
pressed siRNA. These animals showed a 
reduction of the target gene in the 90% range, 
depending on the tissue and the siRNA used 
and therefore were termed knockdowns, to 
differentiate them from knockouts. 

The lack of total suppression of the ex- 
pression of a given RNA actually can be 
used to an advantage. An siRNA that pre- 
sented a very strong down-regulation, pro- 
duced animals with a phenotype identical to 
that of knockout animals, whereas a less 
efficient siRNA produced a phenotype simi- 
lar to that of +/- animals (22). The differen- 
tial efficiency of siRNAs can be used to 
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produce a whole range of down-regulation, 
being useful to study the effects of small 
changes in the expression of a given gene, 
which cannot be determined with traditional 
genetics. 

Another welcome development is the es- 
tablishment of shRNA-producing vectors that 
can be regulated. These vectors were adapt- 
ed from the Cre-Lox system, in which the 
whole shRN A expressing cassette was loxed, 
and therefore the production of RNA i can be 
inactivated by the presence of Cre (23). On 
the other hand, the insertion of a loxed GFP 
gene between the U6 promoter and the siRNA 
insertion created a construct that only pro- 
duces shRNAs in the presence of Cre. Ani- 



mals containing these genes can be easily 
crossed to animals expressing the recombi- 
nase Cre under the regulation of cell-specif- 
ic promoters, thus producing animals with 
knockdown in specific cells, or ; a more dif- 
ficult result to obtain with standard knock- 
out techniques, having knockdown in all 
cells except in a specific subset. Addition- 
ally, a system that allows an even tighter 
regulation was developed by Wiznerowicz 
and Trono (24), who used the tetracycline- 
regulated system to produce siRNAs only in 
the presence of doxycyclinc. 

Comparison of delivery- methods. The 
choice of delivery methods depends on the 
system used and the questions asked. When 



Table 3. -A short history of RNAi: 



Discovery 



M/Y 
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3 ' UUACOGUUGAGACCUCAGUGA. 



Dicer 
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3 ' UUAGUGU0GAGACCUCAGUG 



A 



RISC 



mRNA 



3 ' UUAjGUGDUGAGACCUCAGUG 



RISC 



Degraded mRNA 



Figure 1. Plasmid-mediated RNA interference. Basic components of the small-interfering 
RNA-producing plasmid include an RNA polymerase III (RNA Pol III) promoter (U6 or H1) 
upstream of the insert site of the dsDNA. an indication (GFP, green fluorescent protein) and 
a selection marker (KanaR/ NeoR). CMV - cytomegalovirus; EGFP = enhanced green 
fluorescent protein; RISC = RNA-induced silicencing complex: s = sense; r = reverse; c = 
complement; rc = reverse complement. Map generated in pDraw32 (www.acaclone.com). 
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^W Xfl y ? .£ ; 3 Weeks 
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None 



\ . ;U20S 
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Figure 2. Small-interfering RNAs targeted against a kinase involved in mitosis were intro- 
duced into a mammalian cell culture either by direct transfection of plasmids or by means of 
viral transduction. An analysis of time, cell type and selection method is discussed in the 
text. dsRNA = double-stranded RNA; RNAi = RNA interference; GFP = green fluorescent 
protein; FACS = flow cytometry. 



a fast and efficient method is required, direct 
transfection of 21-nt dsRNA probably is the 
method of choice. Its transfection efficiency 
is much higher than plasmid transfection. 
targeting almost 1 00% of the majority of cell 
types in culture. An indication that shRNA 
works as efficiently as dsRNA is the obser- 
vation that viral mediated transduction and 
selection of the positive cells by cloning was 
able to reduce the amount of the protein to an 
almost undetectable level, similarly to 
dsRNA transfection. The advantage of using 
lentiviral vectors is that the silencing is stable 
(25). Several results indicate that RNAi is 
affected by differences in cell type. This is 
based on the observations that C. elegans 
silencing occurs in all cells except neurons 
and that transgenic mice expressing siRNA- 
producing constructs show differential re- 
duction of the target gene depending on the 
cell type (25). This is also seen in cell cul- 
ture, as shown in Figure 2. Although the 
selection methods for Hek293 and for U20S 
were different, the latter were selected to 
99.9% purity, and the reduction in the target 
gene was still not higher than 60%. 

Plasmid transfection and viral transduc- 
tion seem to work similarly, but lentiviral 
transduction has the advantage of stably in- 
tegrating into the genome and therefore mak- 
ing the selection and production of stable 
cell lines more efficient. 

Applications 

Reverse genetics or whole genome screens 

The ease of using RNAi in nematodes 
has greatly simplified reverse genetics and is 
now a standard in C. elegans genetics. This 
technique was used to ablate all genes in the 
C elegans genome (26) and bacteria ex- 
pressing siRNA against all genes are now 
commercially available. Ashrafi et al. (27) 
showed that this technique was very effi- 
cient for the study of genes involved in fat 
metabolism, confirming several genes al- 
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ready known to be involved in this process, 
but also finding several others not previ- 
ously linked to the control of fat metabolism. 

Two screens designed to silence a large 
number of genes of the human genome were 
performed in cell culture. Kiger et al. (28) 
used direct transfection of dsRNA targeted 
against approximately 1000 genes and ana- 
lyzed the effect of knockdown of these gene 
on the shape of cells in culture. Berns et al. 
(29) employed a set of more than 23 thou- 
sand distinct shRNAs using retroviral vec- 
tors, targeting almost 8 thousand different 
human genes in order-to find new compo- 
nents of the p53 signaling pathway. 

These screenings were done by individu- 
ally producing the siRNAs. at quite consid- 
erable cost. At the beginning of 2004, three 
papers were published describing an enzy- 
matic process for the production of an siRN A 
library (Table 2). Interestingly, all three pa- 
pers used an almost identical process for the 
library synthesis, including the same restric- 
tion enzyme, MmeL which has the exquisite 
capacity to cleave 20-2 1 bp away from its 
recognition site (30-32). Improvements of 
these techniques will certainly produce the 
methodology needed for an easy construc- 
tion of siRNA-producing libraries and con- 
sequently permit many screenings in mam- 
malian systems. 

Therapeutics 

The results obtained with animal models 
are very encouraging. Direct injection into 
the tail vein of mice of siRNA targeted against 
apolipoprotein B reduced the cholesterol lev- 
els by 60 to 80%. In addition to chemically 
increasing stability, as mentioned before, 
the sense strand was conjugated with choles- 
terol, increasing siRNA binding to human 
serum albumin and improving the pharma- 
cokinetic properties when compared to 
unconjugated siRN A (19). It is important to 
emphasize that the anti-sense strand, which 
is responsible for the silencing effect, was 



not linked to cholesterol, thus making the 
sense strand a carrier for the anti sense. 

Clinical trials have already started in hu- - 
mans, targeting the VEGFR1 through in- 
traocular injections of siRNAs to treat age- 
related macular degeneration, a deteriora- 
tion of the retina that is the leading cause of 
blindness in the elderly (33). 

The potential applications of RNAi thera- 
py are extremely broad (34), including all 
cases in which a deletion or reduction of a 
defined gene is desired, i.e., genetic dis- 
eases, autoimmunity, viral infections, can- 
cer, and many others. The main advances in 
the use of RNAi have being made in the 
antiviral and anticancer fields. Although pro- 
ducing efficient antiviral activity, shRNAs 
targeted to the HiV-2 genome lost their ef- 
fect due to the emergence of viral variants 
harboring a point mutation in the shRNA 
target region. Therefore, as is the case with 
antiviral drug therapy. RNAi has to be tar- 
geted to several genes or 2 1 mers in the same 
gene at the same time, preferentially in con- 
served regions of the viral genome (35,36). 
However, considering the ease of develop- 
ment of shRNA-expressing plasmids, the 
specific parts of the viral genome of patients 
could be sequenced, and the siRNA se- 
quences adapted to the viral genome. This 
probably is the only technology able to ad- 
vance faster than both the progression of the 
disease and the changes in the viral genome, 
therefore potentially allowing a completely 
personalized treatment. 

Recent developments in the delivery of 
RNAi to the tumor are a new hope for a 
highly specific cancer treatment (37), since 
it theoretically allows the specific targeting 
of oncogenes present in a given cancer. Tar- 
geting oncogenes has already proven to be a 
very efficient way of fighting cancer since 
an inhibitor of the Bcr/Abl oncogene was 
able to dramatically increase survival of pa- 
tients with chronic lymphomas. The devel- 
opment of this drug took years, and such a 
strategy may not even be applicable to all 
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kinds of oncogenes, as indicated by the low 
efficiency of farnesyltransferase inhibitors 
in reducing the effects of the ras oncogene. 
RNAi, on the other hand, can be produced 
and tested for efficacy within weeks and can 
be applied to any gene, without exception. 
An example of RNAi already tested against 
oncogenes is the siRNA against the RasVI2 
oncogene, with an A to T change when 
compared to its proto-oncogene (17). This 
siRNA silenced the oncogene without af- 
fecting the expression of the proto-onco- 
gene and efficiently blocked the growth of a 
pancreatic cancer cell line in vivo. As a proof 
of principle that not only mutations but also 
translocations can be targeted, a breakpoint- 
specific siRNA was capable of selectively 
inhibiting Bcr-Abl -dependent cell growth 
(38). 

Methodological advances almost always 
produce changes in paradigms. The use of 
RNAi is already producing small changes in 
paradigms in several fields. For instance, the 
Akt kinase has been long known to be acti- 
vated by the phosphorylation of two sites. 
Thr308 and Ser473. While the kinase that 
phosphorylates Thr308 has been known for 
about 10 years, the kinase that phosphory- 
lates Ser473 has remained a mystery despite 
active research (39). Using mainly RNAi, 
Sarbassov et aJ. (40) showed that mTor in 



complex with the protein Rictor is respon- 
sible for the phosphorylation of this site in 
Akt. mTor was never considered a candidate 
for the Akt Ser473 kinase because a very 
specific and efficient inhibitor of mTor. rapa- 
mycin, did not reduce the phosphorylation at 
this site, it mined out that rapamycin only 
inhibits the mTor/Raptor complex, without 
affecting the mTor/Rictor complex. RNAi 
against mTor reduced the phosphorylation 
of Ser473 of Akt since it eliminated mTor 
from both complexes, in contrast to rapamy- 
cin. which only affected the mTor/Raptor 
complex. 

Science comes in waves of fashionable 
subjects and sometimes, after the fashion 
ends, little substance is left. It definitely 
seems that this is not the case for RNAi and 
that after the RNAi hype is over we will be 
left with two very important things: 1) the 
discovery and description of a fundamental 
biological mechanism and 2) an easy, fast 
and reliable way of knocking down a specif- 
ic gene. If this holds true. RNAi will very 
soon be part of our everyday lives. 
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